suggest that it is difficult to induce complete protection from infection (sterilizing immunity) but that it is possible to reduce the viral load and to slow or prevent disease progression following infection. We have developed an age-structured epidemiological model of the effects of a disease-modifying HIV vaccine that incorporates the intrahost dynamics of infection, a transmission rate and host mortality that depend on the viral load, the possible evolution and transmission of vaccine escape mutant viruses, a finite duration of vaccine protection, and possible changes in sexual behavior. Using this model, we investigated the long-term outcome of a disease-modifying vaccine and utilized uncertainty analysis to quantify the effects of our lack of precise knowledge of various parameters. Our results suggest that the extent of viral load reduction in vaccinated infected individuals (compared to unvaccinated individuals) is the key predictor of vaccine efficacy. Reductions in viral load of about 1 log 10 copies ml ؊1
Several different human immunodeficiency virus (HIV) vaccination strategies have been proposed. These include therapeutic vaccination (administered to those who are already infected) and prophylactic vaccination (administered prior to infection) that either prevents infection (sterilizing vaccination) or ameliorates disease (disease-modifying vaccination). Thus far, both therapeutic and sterilizing vaccination strategies for HIV have proved elusive (35) . However, recent studies in primates suggest that it is possible to produce disease-modifying vaccines that significantly reduce viral loads and AIDS mortality (1, 11, 22, 51) . These vaccines appear to work primarily by inducing cytotoxic T lymphocyte (CTL) immunity. If these results can be reproduced in human infections, it seems likely that in the short to medium term a human vaccine for HIV may emerge that significantly increases the survival time of infected individuals. Although such disease-modifying vaccines would clearly benefit infected individuals by delaying disease, their long-term impact on the epidemic as a whole is less clear. In particular, immunological escape and subsequent disease progression have been seen in several vaccination studies (9, 10) . If a vaccine reduces viral loads, then patients may experience a longer latent period of infection but still ultimately progress through the same advanced stages of disease seen in a "natural" infection. Thus, overall transmission may be increased by the addition of this extra asymptomatic period of transmission on top of the normal transmission period (4) . In addition, there is concern that optimism over the effects of vaccination may lead to an increase in high-risk sexual behavior and an increase in HIV transmission (18) , as has been observed following antiretroviral therapy (25; T. Kellogg, W. McFarland, and M. Katz, Letter, AIDS 13:2303-2304, 1999).
The aims of any vaccination campaign utilizing a diseasemodifying vaccine should be to maximize the survival time of each infected individual and to minimize the number of new infections. Understanding how disease-modifying vaccines will affect the spread of HIV requires the incorporation of both intrahost effects (such as how viral loads and mortality change with time) and population effects (such as how vaccination affects the sexual transmission of HIV and how sexual activity changes with age). Important questions to be addressed regarding the potential use of disease-modifying vaccines are as follows: (i) what will be the likely impact of these vaccines on the epidemic as a whole, (ii) what vaccine effects are most important in determining this outcome, and (iii) in what settings will the vaccine be most effective?
Mathematical modeling allows a theoretical analysis of such questions based on our understanding of the intrahost and interhost dynamics of HIV. Previous models have provided insights into the effects of antiretroviral therapy, as well as partially effective vaccines (which induce sterilizing immunity in only a proportion of vaccinated individuals), live attenuated vaccines, and therapeutic vaccines or immunotherapies administered to infected individuals (3, 5, 15, 16, 18, 19, 45) . The CTL-inducing vaccines currently being tested in monkeys appear unable to prevent infection, but instead appear able to modify the subsequent course of disease. Thus, although they are only partially effective in one sense, they differ substantially from previously studied partially effective vaccines, which blocked infection in only a fraction of vaccinees. For this reason, we prefer to refer to these new candidate HIV vaccines as disease-modifying vaccines. We have developed a model that allows us to investigate the likely outcomes of a disease-modifying vaccination strategy as well as to identify the factors that are most important to its success. The model incorporates uncertainty in the rate and duration of vaccination, the effects of vaccination on reducing viral loads and disease progression, the rate of emergence and transmission of escape mutants, and the extent to which vaccination may increase the rate of highrisk sexual activity (Table 1) . We used this model to predict the outcome of disease-modifying vaccination for HIV type 1 (HIV-1) and the impact of factors such as the extent to which vaccination reduces the viral load or the disease progression rate of infected individuals, the duration of protection from vaccination, and the emergence of viral escape mutants.
A structured model of HIV infection, transmission, and vaccination. (i) Disease-modifying vaccines.
In order to analyze the effects of a disease-modifying vaccine, one needs to consider how the vaccine may alter the viral load and mortality of an infected individual over the total duration of infection. In addition, because the duration of infection is long compared to the life span of an individual, one also needs to consider how aging may affect transmission of the virus. A vaccine that reduces disease progression, for example, will lead to disease occurring at an older age. The rate of sexual partner change (13, 34) , the frequency of intercourse, and the risk of transmission decrease with age (48) . Importantly, older individuals are not only less likely to transmit the virus, but they are more likely to have partnerships with other older people (8, 23) , who are themselves less likely to transmit the virus. Our model, which is age structured, incorporates all of these effects and allows us to calculate the rate of HIV transmission and mortality in a population (24) . We utilized epidemiological data on the changes in viral load (36, 43) and mortality (7, 50) with the duration of infection as well as social survey data on agerelated partner change rates (13, 34) , age-related risks of transmission (48) , and sexual mixing between age groups (8, 23) to set parameter ranges in the model.
We use the term "behavioral infectiousness" to describe the changes in transmission that are dependent on the sexual behavior of different age groups, and we differentiate those changes from changes in transmission due to the disease stage, which we term "virological infectiousness." The virological infectiousness at different times after infection is correlated with the viral load. Our model incorporates the observed epidemiological relationship that the probability of transmission increases 2.45-fold for every log 10 increase in the viral load (48) . We also assumed that the rates of male-to-female and femaleto-male transmission are equal, as reported for a study in Rakai, Uganda (29, 48) . The risk of transmission from an infected individual in our model is therefore a function of both his or her behavioral infectiousness and virological infectiousness (see reference 24 and Appendix).
Even though we utilized experimental and social survey data on both virological and behavioral infectiousness, both sources of data have their limitations. Sexual survey data, in particular, are notoriously unreliable, with male estimates of the number of sexual partners outnumbering those of females up to threefold (41) . For our study, we utilized the female estimates and balanced the sexual mixing matrix to compute transmission probabilities (17) . Moreover, some authors suggest that sexual behavior may be quite consistent between regions as diverse as the United States and Africa (56) , while other data suggest that behaviors may be quite different across cultures and also over time (26, 32, 42) . To avoid any dependence of our results on particular population variables, we considered the effects of vaccination in many different populations (with different epidemiologic and social parameters) that were randomly generated from our baseline population, which is based on the described empirical data (see Materials and Methods).
(ii) Intrahost dynamics. In animal models of HIV infection, prior vaccination is able to reduce viral loads by ϳ1 log 10 copies ml Ϫ1 for acute infections and up to ϳ3 log 10 copies ml Ϫ1 for chronic infections (compared to unvaccinated control animals). This protection appears to be dependent largely on CTL-derived immunity, and most infectious challenges are performed within weeks or months of vaccination (1, 11, 20-22, 38, 51) . Studies of highly exposed but uninfected individuals suggest that immunity may be relatively short-lived and that regular boosting with an antigen may be needed to maintain protection (31) . Consistent with this observation, CTL numbers appear to decline rapidly after the treatment of HIV infections (44) . However, more recent data suggest that the half-life of the CTL response to vaccination may be on the order of a decade (30) . Therefore, it is likely that vaccineelicited immunity may progressively be lost and that only recently vaccinated individuals would be expected to receive the full benefit of vaccination. The level of protection (measured by the reduction in viral load following infection compared to the viral load of an unvaccinated individual) will decline with time since the last vaccination until all immunity is lost. We have adopted the assumption that the total duration of vaccine protection will be between 5 and 10 years (Table 1 ). With such a duration of protection, a short average time between vaccinations (5 to 10 years) ( Table 1) is required for widespread a Because of uncertainty in the effects of vaccination, ranges rather than exact values for parameters were estimated from the literature. At the start of each simulation, a value for each parameter was randomly sampled from the range. By performing many (1,000) simulations, we were able to observe the probability distribution of outcomes based on different parameter choices (risk analysis; Fig.  3 ). Similarly, it was possible to correlate the values of individual parameters with the outcome variables of HIV incidence and mortality (sensitivity analysis; Table  2 ).
b Data are for progression-slowing and viral-load-reducing scenarios, respectively.
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Immune responses select for viral escape mutants, which are viruses that have mutated the regions of protein targeted by the host so that they are no longer recognized by T cells or antibodies (9, 10, 40, 46) . Studies of natural infections suggest that strong CTL responses may be maintained for years without inducing escape mutations, although under other circumstances escape may occur rapidly (28, 47) . The rate of viral escape from CTL immune responses is uncertain and probably varies with the strength of immune pressure, structural constraints of the viral protein, and the viral load. Based on experimental evidence, we adopted a rate for the evolution of escape mutant viruses of 0.2 to 2 year Ϫ1 (equivalent to an average time to evolution of an escape mutant of 6 months to 5 years; Table 1 ) (9, 10) . Current evidence suggests that after mutants escape from vaccine-induced immune responses, disease progression is similar to that of a natural infection (9, 10) . Thus, we assumed that once a vaccine escape mutant develops, any disease-modifying effects of the vaccine are lost and vaccinated individuals progress at the same rate as unvaccinated individuals with an equivalent viral load. In addition, the population transmission of vaccine escape mutants was taken into account (see Materials and Methods).
MATERIALS AND METHODS
The model of HIV infection, transmission, and vaccination was structured by sex, age, infection status, vaccination status, and duration of infection ( Fig. 1 ; also see Appendix). The uninfected (susceptible) population (S) was structured according to sex and age (Fig. 1, vertical boxes) . New susceptible individuals enter the youngest age group in the population (at the rate for each sex). Uninfected individuals may become vaccinated (at the rate V) and enter the population, S V , of susceptible vaccinated individuals or may become infected with a wild-type or vaccine escape mutant virus (at rates WT and E , respectively) and enter the population I or I E , respectively, or may die at their demographically determined sex-and age-specific mortality rates ( s,a ) (Berkeley Mortality Database [http://demog.berkeley.edu/wilmoth/mortality]). Individuals infected with wild-type virus (I) were structured according to sex, age, and time since they were infected (in yearly increments) (Fig. 1) , and they progress through 1-year categories of duration of infection (at rate p), with empirically derived increases in viral loads and rates of HIV-associated (D s,a,d [7] ) and natural ( s,a [Berkeley Mortality Database]) mortality (24) . Vaccinated susceptible individuals (S V ) were structured according to sex, age ( Fig. 1, vertical axis) , and level of protection from vaccination ( Fig. 1, horizontal axis) . The level of protection in the vaccinated population was defined by the reduction in viral load (compared to unvaccinated individuals) that these individuals would experience after infection. Since it is assumed that vaccine-induced protection wanes with time (at the rate ), individuals pass through progressively lower levels of protection until all protection is lost and they return to the unvaccinated population (S). Vaccinated individuals may become infected at a higher rate than unvaccinated individuals due to the potential effects of vaccination on increasing highrisk sexual activity (R). Vaccinated individuals who become infected move into different stages of the vaccinated infected population (I V ) at the disease progression rate p V . The vaccinated infected population is divided into those with low viral loads and mortality rates (2, 39) due to vaccination (I V1 ) (Fig. 1 , light gray boxes) and those who have progressed to have viral loads and mortality rates equivalent to those seen for natural infections (I V2 ) (Fig. 1 , dark gray boxes). Only those who were recently vaccinated at the time of infection will attain the maximum protection from vaccination (and enter the lowest category of I V1 ). Those with waning vaccine-derived immunity will experience lower levels of protection with time.
The transmission of CTL escape mutant viruses has recently been documented (27) . This has important implications for the long-term efficacy of a vaccine. If the transmission of viral escape mutants to another vaccinated individual occurs, then the vaccine-induced immune response may be unable to recognize the mutant virus, blunting the effect of the vaccine. However, the viral epitopes that are recognized by CTLs vary between individuals (largely on the basis of HLA restriction [40] ). Infection of an HLA-mismatched (recipient) partner with an escape mutant restricted to an irrelevant (donor) HLA allele will often not affect CTL recognition of the virus. Thus, since most sexual partners will not share HLA alleles (and therefore CTL epitopes), only a fraction of transmissions (H E ϭ 5 to 50%) from individuals infected with escape mutants will result in transmission of the escape mutant and evasion of the vaccine-induced immune response. The remainder of cases will result in the transmission of a virus that is mutated at an irrelevant CTL epitope and is therefore effectively a wild-type virus that can be controlled by the vaccineinduced immune response of the recipient.
Some vaccinated infected individuals (I V ) may become "superinfected" with an escape mutant virus (at the rate R E ) or develop an escape mutant virus through mutation (at the rate ε) and therefore move from their current category (I V1 or I V2 ) into an equivalent category of infection with an escape mutant virus (I E1 or I E2 ). Individuals who are newly infected with an escape mutant virus (I E ) are assumed to have similar mortality rates and disease progression to individuals infected with wild-type virus, and disease is assumed to progress at a normal rate. Individuals infected with an escape mutant virus can thus transmit either the mutant virus (with the probability H E ) or wild-type virus (at the rate H WT [ (27) .
Using this age and time-since-infection structured model based on population data, we were able to capture the effects of reducing the viral load and/or disease progression rate on mortality and transmission. We were also able to take into account factors such as the duration of vaccine-mediated immunity and the rate of viral escape. A vaccine that slows disease progression, for example, leads to advanced disease and high viral loads being delayed until an older age, that is, the high virological infectiousness experienced in late disease is delayed until the patient is older and has low behavioral infectiousness. On the other hand, viral-load-reducing vaccines lead to lower virological transmission early after infection (Fig. 2) .
Previous modeling has suggested that increased sexual risk behavior as a result of optimism over the effectiveness of vaccination (18) or antiretroviral therapy (14, 15) may increase the transmission of HIV. Factors such as increased sexual risk behavior as a result of vaccination can be incorporated into the model by increasing the rate of partner change among vaccinated individuals (18, 37) . The extent to which optimism over vaccination may increase risky behavior is unknown. However, sexual behavior in the general population has changed relatively little as a result of HIV. Therefore, in accordance with published studies, we considered that the increase in risky behavior would vary between 0 and 30% (52, 55) (corresponding in the model to a 0 to 30% increase in the effective average partner change rate [ Table 1 ]).
The model was used to investigate the effects of two different possible vaccines, one that predominantly reduced viral load and another that predominantly slowed disease progression. These analyses were initially performed on a baseline population, defined using parameters obtained from the literature (Tables 2  and 3 ). The initial prevalence of infection was approximately 0.5% of sexually active individuals, consistent with the current prevalence in most regions of the world outside sub-Saharan Africa (53) . We performed 1,000 simulations of the effect of vaccination, using different vaccine parameters (Table 1) , and then performed a risk analysis and sensitivity analysis (the technique is described in detail in reference 12) of these results.
To avoid any dependence of the results on particular population variables, we also performed a further analysis to investigate the effects of vaccination in different populations. To do so, we created 100 new "populations" by randomly varying the parameters used. The parameters for each new population were obtained by multiplying each baseline parameter value (i.e., each of the values in Table 2 and 3, independently) by a normally distributed random number with a mean of 1 and a variance of 0.2. Because the growth rate of the epidemic in the baseline population was relatively slow, with a doubling time of approximately 5 years, we also multiplied the transmission rate parameter (␤) by a random number between 0.5 and 2, reflecting the possibility that transmission may be higher or lower in different populations. The effects of vaccination in different populations were then tested by simulating 100 vaccination scenarios for each of the 100 new populations. As a further control for our results, since the baseline population was in a relatively low-prevalence setting (0.5%), we also analyzed the impact of initiating vaccination at different stages of the epidemic (i.e., at a prevalence of 0.5, 1, 2, 4, 8, or 16%) in the different populations (100 populations ϫ 100 vaccination scenarios ϫ 6 prevalence rates ϭ 60,000 simulations). A lower viral load in vaccinated individuals compared to unvaccinated individuals leads to reduced transmission (since transmission is dependent on the viral load) (top) and reduced mortality (bottom). If disease progresses at a normal rate, then viral loads and mortality rise at the same rate as in unvaccinated individuals, but starting at a lower baseline level (dashed line). Therefore, viral loads and mortality in a vaccinated individual will eventually rise to be equivalent to those seen in early natural infections, after a delay approximately equal to the reduction in viral load divided by the annual increase in viral load (0.09 log 10 copies ml
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Reducing
). If vaccination slows disease progression, then the viral load and mortality may be stable or rise slowly (dashed-dotted line). The reduction in viral load induced by vaccination will reduce the virological infectiousness of infected individuals, whereas a delay in the rise in viral load will reduce behavioral infectiousness since people do not achieve high viral loads until they are older and less sexually active. a , age-and sex-specific natural mortality rate (Berkeley Mortality Database). T, relative rate of sexual transmission with age (48) . D a , variation in HIV-specific death rate with age (relative to that at age 30) (50). c, age-specific effective average partner change rate (year Ϫ1 ) (13) . For the mixing matrix for women, M s,a1,a2 indicates the percentage of women of age a1 (rows, age indicated on far left) having partnerships with men of age a2 (columns, age indicated at top). The age-specific partner change rate for males was obtained by calculating the number of partners available to males of one age from females of all ages, i.e. population of women of a given age, times the age-specific partner change rate times the proportion of partners of women of age a1 with males of age a2. The mixing martix for males was then derived simply as the proportion of partnerships available to males of different ages, such that the numbers of sexual contacts were balanced between females and males.
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CONTROLLING HIV WITH A NONSTERILIZING VACCINE 11343 reduction in viral load of 0.5 to 1.5 log 10 copies ml Ϫ1 after infection compared to unvaccinated controls. In order to test the effects of viral load reduction alone, we adopted the assumption that vaccination would have only minor effects on the normal rate of disease progression (80 to 120% of the normal rate) associated with a given viral load (39) . This is referred to as a viral-load-reducing vaccine. Thus, a vaccinated individual who becomes infected will have a lower initial viral load than an unvaccinated individual, but their viral loads will increase from this level at approximately the same rate (0.09 log 10 copies ml Ϫ1 year Ϫ1 ) (36, 43) (Fig. 2 ). This imposes a delay (approximately equal to the viral load reduction/0.09 years) until the viral load in the vaccinated individual reaches the level initially observed in the unvaccinated individual and thus increases survival by the same amount (Fig. 2) . Because of the uncertainty in these and other effects of the vaccine, a simulation approach was used in which the value of each of the vaccination parameters was randomly assigned at the start of a simulation from within a range estimated from the literature (12) ( Table 1) . Without vaccination, the outcome of the model was exponential growth of the HIV incidence and mortality over the 25 years of the simulations (data not shown). By performing a large number of simulations, we obtained both a probability distribution of outcomes and an assessment of how sensitive the outcome is to changes in individual parameters. One thousand simulations with vaccination were performed, and the results were compared with those for no vaccination (Fig. 3) to quantify how many deaths or infections were averted by vaccination.
For the baseline population, the mean number of deaths averted by vaccination reached 10.7% by 10 years and 35.2% by 25 years (Fig. 3) . The number of deaths did not increase in any of the vaccination scenarios. Vaccination also averted a mean of 8.4% of new infections by 10 years and 26.7% of new infections by 25 years. However, HIV incidence rose in the first few years compared to simulations without vaccination (by 1% at 2 years, which is equivalent to Ϫ1% of the incidence averted) (Fig. 3) before commencing a decline in most scenarios. The fraction of simulations in which the cumulative HIV incidence increased compared to simulations with no vaccine dropped from 11.2% at 10 years to 3.5% by 25 years (Fig. 3,   FIG. 3 . Predicting the effects of disease-modifying vaccination. (A) One thousand simulations were performed for each of two cases: (i) a population given a viral-load-reducing vaccine that reduced the viral load between 0.5 and 1.5 log 10 copies ml Ϫ1 while the progression rate varied between 80 and 120% of normal (left) and (ii) a population given a progression-slowing vaccine that reduced the viral load between 0.1 and 0.5 log 10 copies ml shaded areas). Thus, a viral-load-reducing vaccine has the potential to reduce HIV deaths, but it has a small risk of a longterm increase in HIV incidence.
The rise in new infections in the first few years after the introduction of vaccination, even in simulations that later led to a large decrease in HIV incidence, provides an interesting paradox. Why would an otherwise successful vaccine increase infection in the short term? The answer clearly lies in the increase in risky sexual behavior accompanying vaccination. The vaccine neither prevents infection nor affects individuals who are already infected. Therefore, those who were infected before vaccination was introduced are just as infectious, but vaccinated individuals become more susceptible if they increase their sexual risk behavior. Because early after the introduction of the vaccine in simulations, the majority of infected individuals were infected prior to vaccination, this leads to an overall increase in transmission. At later time points, however, many of the infected individuals were vaccinated prior to infection and thus had low viral loads and a lower rate of transmission. Provided that the reduction in viral load is at least 1.0 log 10 copies ml Ϫ1 , the reduced transmission due to vaccination would be sufficient to counterbalance a rise in risk behavior of up to 30% (Fig. 4) .
We investigated the sensitivity of the outcome to different parameter assumptions in the model. The results of this sensitivity analysis on HIV mortality and incidence at 25 years are summarized in Fig. 4 and Table 4 . The proportion of individuals with vaccine protection, which is largely a function of the rate of vaccination and the duration of vaccine-induced immunity, varied from approximately 38 to 79% (Fig. 3B) . Because vaccination reduced viral loads and thus the mortality rate, the proportion of the population with vaccine protection strongly influenced the mortality rate in the entire population (Fig. 4) . Thus, both the vaccination rate and the rate of loss of vaccine protection were key factors in predicting the outcome. The level of viral load reduction and the increase in high-risk sexual behavior also had a strong influence on the outcome. Unexpectedly, neither the rate of viral escape nor the rate of transmission of escape variants was a key factor in determining incidence or mortality in the viral-load-reducing scenario. In addition, the rate of disease progression also appeared to have little effect on either incidence or mortality (Table 4) .
Slowing disease progression. The results presented above predict the effects of a vaccine that reduces viral loads by 0.5 to 1.5 log 10 copies ml Ϫ1 , without a significant change in the disease progression rate. We then asked whether a vaccine that reduces the viral load by Ͻ0.5 log 10 copies ml Ϫ1 could reduce HIV incidence and mortality if it were accompanied by a significant reduction in disease progression. This question is interesting because it is currently unclear whether the reduced viral load seen when vaccinated monkeys are infected is stable or increases slowly (1, 11, 22, 51) . The model was thus used to consider the effects of a progression-slowing vaccine that had a minimal effect on viral load (reducing viral loads by only 0.1 to 0.5 log 10 copies ml Ϫ1 ) but a significant effect on reducing the disease progression rate (p V is 0 to 80% of the normal rate). Thus, the viral load and mortality rate for vaccinated infected individuals would increase more slowly than those for unvaccinated individuals (or not at all, in the case of p V ϭ 0).
The mean number of deaths averted by the introduction of a progression-slowing vaccine increased from 6.4% at 10 years to 12.4% at 25 years. However, the number of deaths actually increased in 10.7% of the simulations at 25 years, suggesting an important risk of a rise in HIV-associated deaths as a result of vaccination (Fig. 3) . Vaccination resulted in an increase in HIV incidence early after the introduction of vaccination, with a rise in incidence of 0.6% at 10 years. However, by year 25, vaccination reduced the mean incidence 3% compared to simulations with no vaccination. Thus, despite decreasing HIVassociated mortality in the short term, a progression-slowing vaccine has a high risk of increasing the number of infected individuals.
A sensitivity analysis suggested that the disease progression rate again had relatively little effect on either mortality or incidence at 25 years ( Fig. 4; Table 4 ). The level of reduction in viral load and the increase in risky sexual behavior were again the key factors in determining HIV-associated mortality. However, the proportion of the population that was protected had a variable influence on the number of new infections that were prevented. In scenarios in which there were large increases in risky behavior associated with vaccination and in which vaccination only mildly reduced transmission, the higher the proportion of the population vaccinated, the higher the average rate of risky behavior and the higher the rate of transmission. Therefore, if increased risky sexual behavior after vaccination leads to an increase in HIV incidence, simply increasing the vaccination rate will not correct this and will instead lead to an increase in incidence. Thus, unless risky behavior can be controlled, there is a high risk that although vaccination may increase the survival of vaccinated individuals, it may lead to a long-term increase in HIV incidence and mortality.
Impact of vaccine in different populations. In order to test the robustness of the conclusions presented above and to test whether these effects are likely to be seen across different populations, we randomly varied the baseline population parameters (as described in Materials and Methods) in order to generate 100 new populations. (Eleven of the populations were excluded from the analysis because the epidemics failed to reach a prevalence of 0.5% within 50 years of simulation.) We then simulated 100 viral-load-reducing vaccination scenarios (varying the vaccination parameters as in the simulations above) for each of these populations and assessed the impact of vaccination on HIV incidence and mortality at 25 years. Figure 5 shows the mean proportions of deaths and infections averted at 10 (A) and 25 years (B) after the introduction of vaccination in different populations. The proportion of deaths averted and the proportion of infections averted were strongly dependent on the growth rate of the epidemic. A larger impact of a vaccine on a faster growing epidemic is to be expected. Since epidemic growth is nonlinear, any vaccine effects on the epidemic growth rate will have a larger impact on the overall number of deaths and new infections when the growth rate itself is high. The more slowly growing the epidemic, the longer it takes for the vaccine to affect the outcome. Thus, if we measure outcome at a fixed time (e.g., 10 years), the vaccine will have had less of an effect on a slowly growing epidemic than on a rapidly growing one. However, in extremely rapidly growing epidemics (doubling times of Ͻ2 to 3 years), VOL. 78, 2004 CONTROLLING HIV WITH A NONSTERILIZING VACCINE 11345 the early benefits of vaccination in reducing HIV incidence (seen at 10 years) are reduced by 25 years. This occurs because although vaccination delays the peak of the epidemic, in very rapidly growing epidemics the peak in the vaccinated population will still occur within 25 years. The observed effects of vaccination in preventing new infections will not be as large as those seen in populations in which vaccination delays the peak of the epidemic beyond 25 years. Thus, the impact of vaccination is dependent on the timescale of our observation: although vaccination may slow the epidemic, it may not necessarily reduce the final size of it substantially (54) . Next, we studied the effect of different epidemic dynamics and the epidemic stage on the benefits of vaccination. For each of the 100 populations, we let the epidemic develop without   FIG. 4 . Sensitivity analysis. The relationships between the viral load reductions (left), increases in sexually risky behavior (center), and proportions of individuals vaccinated at 10 years (right) and HIV mortality and incidence at 25 years for the viral-load-reducing (A) and progression-slowing (B) vaccines are shown. Each dot represents the outcome of one simulation with parameters chosen at random from the range given in Table 1 . The results for 1,000 simulations of each scenario are shown. Cumulative incidence and mortality data are expressed as percentages of the unvaccinated control values (therefore, values of Ͼ100% indicate an increase in cumulative HIV incidence as a result of vaccination). The proportion of individuals vaccinated varied with the vaccination rate and the rate of loss of vaccine protection.
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vaccination until the infection prevalence reached 1, 2, 4, 8, or 16%. For each population, the time to reach these rates of prevalence was different because the epidemics had different growth rates (Fig. 5C ). We thus could analyze the impact of vaccination on epidemics characterized by different prevalence and growth rates. At any given growth rate, the lower the initial prevalence, the larger the impact of a vaccine in terms of infections and deaths averted (that is, early intervention is advantageous). On the other hand, if epidemics with the same initial prevalence grow at different rates, there will be an epidemic with a specific growth rate for which the impact of the vaccine is maximal. For example, at an initial prevalence of 0.5%, the maximum proportion of infections averted occurs with a doubling time of about 3 to 4 years. In contrast, at an initial prevalence of 16%, the maximum proportion of infections averted is seen with doubling times of more than ϳ7 years. The mean number of deaths averted by vaccination at 25 years was more than ϳ10% for all populations, regardless of the growth rate or initial prevalence of infection. However, an increased number of deaths was seen in a small number of vaccination scenarios, indicating a risk of increased HIV infection with vaccination in some epidemics. If we restricted the analysis to vaccination scenarios in which the drop in viral load after vaccination was at least 1 log 10 copies ml Ϫ1 , then there was a reduction in deaths in all of the populations and under all of the vaccination conditions considered. Thus, provided a vaccine can reduce the viral load of vaccinated infected individuals by at least 1 log compared with that of unvaccinated individuals, we believe there is an extremely low risk that it could increase HIV-associated mortality within the first 25 years.
DISCUSSION
Recent studies of HIV vaccination in monkeys suggest that future HIV vaccines may be unable to prevent infection but may improve the subsequent course of disease. We use the term disease modifying to describe these vaccines and to distinguish them from previous discussions of partially effective vaccines. Partially effective vaccines were assumed to prevent infection, but only in a proportion of vaccinated individuals (6, 19) . In contrast, disease-modifying vaccines do not prevent FIG. 5 . Effects of vaccination on different populations. One hundred new populations were created by randomly varying the baseline population parameters, and the effects of vaccination were assessed by simulating 100 vaccination scenarios in each new population introduced at a 0.5% prevalence (as described in Materials and Methods). The average percentages of deaths (top) and infections (bottom) averted due to vaccination after 10 years (A) and 25 years (B) were plotted against the doubling times of the epidemics immediately prior to the introduction of vaccination. Each point represents the results for a different population. To investigate the effects of initial HIV prevalence, we studied vaccination introduced at an initial HIV prevalence of 0.5, 1, 2, 4, 8, or 16% (colored as indicated) (C). The average proportions of deaths (top) and infections (bottom) averted for each population at each initial HIV prevalence were plotted against the doubling time of the epidemic immediately prior to the introduction of vaccination. a Parameter values for each simulation were chosen from a uniform probability distribution with the ranges shown in Table 1 . The columns indicate the partial rank correlation coefficients of the model parameters with the outcome measures of mortality and incidence at 25 years for the two vaccination scenarios. There was no significant correlation between any of the individual parameters. The key factors affecting outcome are defined as those with a partial rank correlation coefficient of Ͼ0.5 (14 The results of an uncertainty and sensitivity analysis suggest that the reduction in viral load in vaccinated infected individuals (compared to unvaccinated individuals) is the key factor to measure in attempting to predict the likely outcome of vaccination. Surprisingly, according to our model the extent to which a vaccine slows disease progression and the rate of immunological escape of vaccine-induced immune responses have relatively little effect on the long-term outcome. The level of increase in sexually risky behavior as a result of optimism over vaccination also correlated strongly with the epidemic outcome, as has been observed for antiretroviral therapy (25; Kellogg et al., letter) and predicted previously in other models (15, 18, 33) . It is interesting to speculate that a disease-modifying vaccine, which does not prevent infection, may well induce less optimism and less increase in risky sexual behavior than a vaccine that promises protection from infection.
The baseline scenario is a low-prevalence epidemic (0.5%) that is growing relatively slowly (doubling time, ϳ5 years). In order to investigate whether these results may be applicable to other populations, we also considered the impact of vaccination on different simulated populations, with vaccination being introduced at different stages of the epidemic. These results indicate that both the growth rate of the epidemic and the stage of the epidemic (in terms of the initial prevalence of infection) can influence the impact of vaccination. In general, vaccination has more influence on more rapidly growing epidemics and when it is introduced earlier in the course of the epidemic. However, the impact of vaccination also varies according to the time frame of analysis, i.e., the number of new infections may increase in the first few years after the introduction of vaccination (Fig. 3) . Similarly, in a very fast growing epidemic, the maximal impact of vaccination may occur at about 10 years, with the subsequent effects of vaccination declining over time (Fig. 5) (45, 54) . When considering the impact of a vaccine on different populations, the growth rate of the epidemic, the current prevalence of HIV, and the timescale over which we wish to assess the results are all important factors to consider. Disease-modifying vaccines would have a maximum effect if they were introduced into relatively earlystage epidemics (such as those seen in areas of Asia) but a smaller impact if they were introduced into late-stage, highprevalence epidemics (such as those seen in areas of subSaharan Africa). However, our results demonstrate that if vaccination is able to reduce the viral load of vaccinated infected individuals by at least 1 log 10 copies ml Ϫ1 , then the number of HIV-associated deaths is predicted to be reduced at 25 years for all of the scenarios considered. Importantly, the model also suggests that the success of any human vaccine trial should not be judged solely on short-term measures of how many infections were prevented in the vaccinated group. Indeed, it is likely that disease-modifying vaccines will lead to a short term (1 to 5 years) increase in HIV incidence if they lead to increased high-risk sexual activity. However, this does not preclude long-term benefits. Thus, rather than simply measuring HIV incidence in vaccinees and controls, vaccine trials should also aim to closely monitor viral loads of infected individuals in order to quantitate any reduction in viral load in vaccinated individuals. Campaigns promoting safe sex should also be continued to prevent vaccine-related increases in risky sexual behavior. The close monitoring of large numbers of patients may be necessary to measure the average reduction in viral load or to detect a slowing of disease progression in vaccinated individuals compared to controls. However, it is the reduction in viral load that appears to be the most important feature of a disease-modifying vaccine for predicting its ability to control the spread of HIV. The model suggests that reductions in viral load of about 1 log 10 copies ml Ϫ1 may be sufficient to produce long-term reductions in HIV incidence and mortality. This reduction in viral load is relatively modest compared to that observed in vaccinated monkeys (ϳ3 log 10 copies ml Ϫ1 ) (11, 51) .
APPENDIX
A model of a heterosexual HIV epidemic structured by sex, age, and duration of infection (24) was modified by the incorporation of categories of susceptible vaccinated individuals (S V ), infected vaccinated individuals (I V ), and individuals infected with escape mutant viruses (I E ). The last two categories were further divided into those who are currently benefiting from reduced viral loads due to vaccination (I V1 and I E1 , respectively) and those whose disease has progressed to a stage at which their viral loads are equivalent to those seen in natural infections (I V2 and I E2 ) (Fig. 1) . The mortality and transmission of these last groups were the same as those for an equivalent stage of natural infection (note that here we use stage of infection to denote the time since infection in a corresponding natural infection, not the usual CDC stage classification). The mortality and transmission for the categories of infection with reduced viral loads (I V1 and I E1 ) were estimated based on their relationship with viral load. That is, transmission was reduced 2.45-fold and mortality was reduced 2.22-fold for every log 10 reduction in viral load (2, 39, 48) .
The model populations that we studied contained ϳ1 million individuals of each sex, with an age structure that was determined by allowing an influx of new susceptible individuals () into the youngest age group of 20,000 per year for each sex and by using published figures for natural mortality (Berkeley Mortality Database). The model was run for 200 years to generate a stable age distribution of uninfected individuals and a total population size of ϳ2 million. The initial proportion of infected individuals was ϳ0.1% of the sexually active population, and the age distribution was similar to that of the infected population of the United States in the early 1990s (49) . This population was not chosen to simulate the AIDS epidemic in the United States but rather as a means to generate a baseline population with a well-defined age structure. The epidemic was allowed to expand, and vaccination was introduced when the prevalence reached a specified level (0.5% in the baseline analysis and 0. where the subscripts s and a correspond to gender and age, respectively, and n and d correspond to the duration of infection for those with lower than normal viral loads and normal viral loads, respectively. The parameters are shown in Fig. 1 and explained in the text. The per capita forces of infection of wild-type and escape mutant viruses ( WT and E ) were calculated in two steps (24) . First, the infectiousness of the population of age a and sex s was calculated, for both wild-type and escape mutant viruses (L WTs,a and L Es,a , respectively), as follows: where we have taken into consideration the number of infected individuals in each category and their virological infectiousness (␤), agespecific transmission rate (T) (48) , and the probability that an individual infected with an escape mutant virus will transmit either a wild-type virus (H WT ) or a virus that escapes the vaccine-induced immune response in the recipient (H E ). We then calculated the force of infection for a given sex and age group ( WTs,a , Es,a ) where the empirical effective average rate of partner change is c (13, 34) and the rate of sexual mixing between age groups is given by the variable M s,a1:(s*,a2) , the mixing of people of age a1 and sex s with people of age a2 and sex s* (8, 23) 
